Abstract-This paper describes an experimental approach for finding the radar cross section (RCS) of human heartbeats and respiratory movements. A measurement setup, a calibration routine and required processing steps are presented. Using a 2−3 Ultra Wideband (UWB) radar, heartbeats and respiration of a human subject were recorded from a distance of 1.14 . Combining the recorded data to measurements with a calibration sphere, the calibrated human heartbeat and respiration RCS was detected.
I. INTRODUCTION
Conventional methods for measuring heartbeats in human beings, such as ECG, require contact between the sensor and the patient's skin. With radar, it is possible to sense heartbeats and respiration contactless and through clothing. UWB radar for medical applications is gaining interest due to its low power emissions, high range resolution and low cost. Although there are many reports using radar for respiration and heartbeat monitoring in the literature [1] - [3] , there are still insufficient characteristics of what is actually measured.
The RCS in general is an important property in the field of radar, and is usually denoted . It is a measure of how well an object reflects incident radar power as a function of frequency and aspect angle. As part of the radar equation, is a necessary number for Signal to Noise Ratio (SNR) and detection computations and the understanding of radar signals in heartbeat and respiration monitoring. [4] and [5] measured the RCS of respiration. In [4] , the human breathing cross section was investigated from various positions using an UWB impulse radar. The reflection was reported to be strongest when the person was facing the receiving antenna. In [5] , the RCS of respiration was computed using the phase changes in a Continous Wave (CW) Doppler radar recording of a breathing person. From the recordings, the amplitude of the reflections off the person was estimated.
In this paper, we present the RCS of human heartbeats and respiration using calibrated UWB radar recordings. The results in this paper are not the RCS of the chest or person, but rather the RCS of the heartbeat or breathing motion itself. This is a subtle difference. In the radar recordings, the modulations are isolated from stationary reflections. By the RCS of the human heartbeat and respiration, we thus mean the magnitude of the modulations caused by the heart beating or the person breathing. This number is of major interest for detection purposes. Using calibrated measurements, we present the RCS of the human heartbeat and respiration recorded with a radar operating in the frequency range 2 − 3 . A Frequency Modulated Continous Wave (FMCW) UWB radar developed at FFI [3] , [6] , [7] was used for the measurements. A main challenge in quantifying the RCS of physiological motion is to isolate the contribution of the heartbeats or respiration to the recorded power from other contributing factors such as the radar itself, antennas, propagation through the air and other reflectors in the scene. For this purpose, an aluminum calibration sphere with known RCS was used. By doing radar recordings of a person and the calibration sphere using the same measurement setup, the only changes between the recordings are the two objects' RCS and some possible changes in the background scattering. External factors such as the generated signal, antennas, propagation and clutter may be isolated, and a calibrated RCS of the human physiological motion is computed.
First, the measurement setup is described with the equipment used in obtaining the experimental data. Second, a model of the radar recordings is given before the calibration routine is outlined. The computation of the RCS is defined, and experimental results from recordings of a test person are presented.
II. MEASUREMENT SETUP
To obtain calibrated recordings of the human heartbeat and respiration, four separate radar recordings were conducted: Of the empty room for clutter subtraction, of a metallic sphere for calibration, of a person sitting still and holding his breath and of a person sitting still and breathing. All measurements were conducted in an anechoic chamber to avoid strong reflections off the walls and to reduce the multipath components. The distance from the antennas to the metallic sphere was the same as the distance from the antennas to the surface of the person's chest (1.14 ). Between each recording, the only change was the target in the scene. In this way, the radar and antenna behavior and the clutter was constant for each of the four recordings. The measurement setup is sketched in Fig. 1 .
All data were aquired using an UWB FMCW radar developed at FFI. The radar transmits a linear sweep in the . Operating after the homodyne principle, the echo from the reflectors in the scene received in the radar is mixed with the transmitted signal. This creates a signal with beat frequencies proportional to the two way travel times between the radar and the reflectors. The beat signal after mixing is sampled in the frequency domain. After sampling, the data is stored in a computer for digital post processing. All of the calibration and processing described later in this paper is done digitally. An introduction to FMCW radar can be found in [8] .
III. CALIBRATION PROCEDURE

A. Propagation channel model
A frequency domain scattering measurement model of the radar output is described in this section. The model is similar to those described by [9] and [10] . The radar generates a signal ( ), where increases from the minimum to the maximum frequency within the bandwidth during the pulse transmission time . This signal will be transmitted through an antenna, with transfer function ( ). Next, the signal will propagate in the room, resulting in both coupling between the transmitting and receiving antennas, as well as scattering from the room. These factors are termed clutter, with response ( ). If there is a target in the scene other than the clutter (i.e. either a person or a calibration sphere), the scattering of the target will be ( ) and for the sphere ( ). The receiving antenna will impose the same changes ( ) to the signal as the transmitting antenna, before the signal goes to the mixer. The output is a signal with an amplitude and phase that has been modulated by the above described steps, and beat frequencies proportional to the round-trip time of travel from the radar to the scatterers. As the beat frequency and phase of the sampled signal are fully determined by the round-trip times of travel between the radar and the scatterers, the signal waveform is modelled into the scatterer transfer functions ( ), ( ) and ( ) for simplicity. This is done since we ultimately only are interested in the amplitudes. Thus, in the scattering measurement model as shown in Fig. 2 , ( ) and ( ) are purely amplitude modulations, while ( ), ( ) and ( ) consist of both amplitude modulations and the signal shape.
Following are the signals received by the radar, described by the scattering measurement model.
( ) is assumed to be approximately the same in (1)-(3). The empty room clutter measurement:
With the calibration sphere placed in the room, the scattering of the sphere is additive to that of the clutter:
Replacing the sphere with a person at the same range from the radar, the measurement is:
Equation (3) is used to describe both the case where the person is holding his breath and when the person is breathing. The scattering function envelopes | ( )|, | ( )| and | ( )| contains the attenuation from two way spherical spreading and the reflectivity of the scatterers. For a target a distance from the radar, the magnitude | ( )| is
and the magnitude | ( )| is
Here, is the incident radiated field, and is the reflected electric field. The two equations (4) and (5) are only valid if the target and sphere reflects incoming waves from the range only. For a sphere this is partially true, as the reflections received by the radar are from the front of the sphere. There are, however, also scatterings caused by waves travelling around the sphere. A person obviously has spatial extension and will reflect incoming waves at more than one range . The complete chest surface will reflect incoming waves, and additionally some penetration into the body will occur. However, the span of ranges which contains reflections changing with a heartbeat is small relative to the distance from the radar. The approximation in (5) is considered to be adequate.
B. The calibration
The calibration routine is based on [10] , but changed to preserve the signal waveform while calibrating the amplitude. Also, the additional step of software gating in the fast time domain have been introduced. As seen in (1)-(3) , the clutter appears additively in the calibration sphere and target measurements. The first step of the calibration is therefore to subtract the clutter measurement. In real measurements, the introduction of the sphere or a person in the scene will slightly change the clutter response ( ) due to shadowing and changed multipath components. To reduce this effect, a software gating in the fast time domain around the range where the person and the sphere are located is introduced. Finally the measurement of the target is calibrated in the frequency domain using the calibration sphere measurement. Arranged as a three step routine, the calibration consists of: 1) First, the empty room clutter measurement (1) is subtracted from the sphere (2) and person (3) measurements:˜(
and
2) Second, the software gating in the fast time domain is performed. To do this,˜( ) and˜( ) are zero padded and Fourier transformed to the fast time domain:
Having measured the distance from the radar to the sphere and chest surface of the person, we know the round-trip time of travel between the radar and the target through the relation = 2 . For the software gating, a Blackman window ( ) is selected for its low sidelobe levels. The window is centered at , and has width small enough to be zero at the back wall of the room and large enough to encompass the sphere and person. A width corresponding to 1 diameter was selected for this purpose. The windowing causes the modifications:ˆ(
) =˜( ) ( ) ( ) =˜( ) ( )
The gated matrices are then inverse Fourier transformed to the frequency domain representationsˆ( ) and ( ).
3) The last step usesˆ( ) to calibrateˆ( ):
1 ( ) is a smoothing factor included to remove spikes in ( ), and will in most cases have little to no influence. The construction of 1 ( ) is described in [10] .
With > 1 , and the assumption that only the chest area around the heart and lungs is moving, the moving parts can be considered to be in the far field of the radar transmitting at 2 − 3
. Under ideal conditions with the calibration sphere and target at the exact same distance in the far field from the radar, 
In (9) the RCS definition found in [11] is used:
As is seen in (9), under ideal conditions the power of the calibrated measurement ( ) is the ratio of the unknown RCS ( ) to the calibration sphere's known RCS ( ). However, this RCS includes all stationary reflections off the person as well as those from the physiological movement. To isolate the RCS of the physiological movement, processing is done in the fast time-slow time domain.
C. Processing
After the calibration steps, the calibrated recording ( ) can be transformed to the fast-time domain representation ( ) by FFT. The range resolution Δ of a linear sweep signal has a well known relation to the bandwidth :
With a bandwidth of 1 , the range resolution is Δ = 15 . Looking at data at one range from the radar means looking at contributions from a small radial window. Knowing that both the person chest surface and sphere are located a round-trip time of travel from the radar, we can now look at the calibrated recording in this range; ( ). This vector will change with slow time . In ( ), much of the energy originates from stationary reflections. As the aim of this paper is to find the radar cross section of the human heartbeat and of human respiration, this information must be extracted from the stationary reflections off the body. During the radar recordings, the person was sitting still in a chair and assumed to be stationary. The only movement in the scene was then caused by the respiration and heartbeats of the person. When the person was holding his breath, only the heartbeats were a source of changes in the recordings.
All stationary reflections are manifested as a DC in slow time in the vector ( ). To remove this DC and any linear drift, a linear least squares estimation to the data is subtracted from ( ):
In (11)
is the length of ( ) in slow time and 1 is a vector of ones of length .
To reduce unwanted high frequency noise from the respiration recording,˜( ) is run through a low pass filter. Filters with cutoff frequency from 0.25 up to half the Pulse Repetition Frequency (PRF) has been tested, and the respiration RCS after each filter computed. In the held breath (heartbeat) recording, high frequency noise was also reduced. Because of the small amplitude of the heartbeat, these recordings are vulnerable to small movements by the person. To reduce this, frequency content lower than the heartbeat rate in addition to high frequencies are filtered out. Thus, for the heartbeat recording˜( ) is run through a bandpass filter. Three different lower cutoff frequencies were tested, as well as upper cutoff frequencies from 1 up to half the PRF. All the filters are Chebyshev type 2 filters, with minimum 40 stopband attenuation. The calibrated recording after processing is denotedˇ( ).
IV. HEARTBEAT AND RESPIRATION RCS DEFINITION
After the processing steps,ˇ( ) consists of the modulations in the calibrated data at the range where the person was sitting. As the only source of change is the heartbeat movement in the held breath-data, and respiration and heartbeat movement in the breathing-data, these modulations originate from physiological activity and noise. |ˇ( )| is then the magnitude of the physiological movement in the calibrated data. Using (9) the radar cross section of the human heartbeat, , and the radar cross section of human respiration, , can be computed: are computed from one recording of a person holding his breath, and one recording of the same person breathing while sitting still. Fig. 3 and Fig. 4 shows the real part ofˇ( ) for heartbeats and respiration respectively. Fig. 5 shows the slow time development of the heartbeat RCS, , after the calibrated data has been passed through a 0.5 − 4 bandpass filter. Fig. 6 is a similar plot of the respiration RCS, , after a lowpass filter with cutoff frequency 5 .
The calibrated data was filtered with several different passbands to remove high frequency noise, and to remove small movements appearing with a low frequency in the recordings. It is especially important to remove low frequency content in the heartbeat recording, as these may have a high amplitude relative to the heartbeat modulations. With a narrow passband in the filter, much of the noise and modulations caused by small movements are filtered out. However, more energy originating from the physiological motion is likely to be removed with a narrow passband. Presented in Fig. 7 isc omputed fromˇ( ) filtered with different bandpass filters. From Fig. 7 it is seen that a lowpass limit of 1 probably removes much of the heartbeat power. This is expected, as the heartbeat rate of the test person was just over 60 beats per minute. Also, filtering with an upper cutoff frequency below Upper passband limit (Hz) it di erent passbands 0.5Hz lower passband limit 0.75Hz lower passband limit 1Hz lower passband limit band. The influence of the involuntary movement on the computed heartbeat RCS will be different between each measurement. It is also expected that¯will be different both between different people and between different heartbeat rates of the same person. The size of these variations though, is not studied in this paper. To compute the heartbeat RCS of human beings in general requires measurements on a larger number of different people.
In Fig. 8 ,¯computed fromˇ( ) filtered with different lowpass filters is shown. As is seen from the figure, there is almost no variation in the respiration RCS when the cutoff frequency of the lowpass filter is higher than the respiration rate.
VI. CONCLUSION
A definition of the human heartbeat RCS and respiration RCS has been introduced. A mathematical model of UWB radar measurements was employed to describe the recording of a human being. This model was used to describe the calibration and processing steps necessary for computing the RCS of the human physiological movement. To demonstrate this approach, we used experimental results obtained by real recordings of a person and an aluminum calibration sphere. The computed RCS is dependent on the strictness of the processing and the person under test. This calls for using a larger number of measurements of different people. The results from the experimental data presented here shows that the human heartbeat RCS is around 6.5 ⋅ 10 −6 2 , while the human respiration RCS is around 1 ⋅ 10 −2 2 .
